Abstract: We experimentally demonstrate a monolithic single polarization nonlinear chirped pulse amplification (CPA) system producing high-average-power femtosecond pulses operating at 1.06 m. Thanks to the fiber-based components and standard fiber splicing techniques, the system is nearly fully fiberized, except for the bulk grating pulse compressor. The main fiber amplifier delivers chirped picosecond pulses with average power of 193 W, repetition rate of 80 MHz, and duration of 209 ps. The pulse compressor is designed using high line density transmission gratings to keep small grating separation for the consideration of compactness and simplicity. After pulse compression, femtosecond pulses with average power of 119 W, duration of 352 fs, and peak power of 4.2 MW are obtained. The compression efficiency is 61.5%, limited by the diffraction efficiency of transmission gratings. Even so, to our knowledge, this is the highest average power ever reported in fiber CPA systems with a fiber-based stretcher. The mismatched third-order dispersion between fiber stretcher and bulk optical grating compressor is successfully compensated via optimization of the total nonlinear phase shift in the fiber amplifier chain.
Introduction
Fiber-based ultrafast laser systems are very attractive laser sources in various scientific and industrial fields, due to its obvious advantages over bulk solid-state counterparts, for instance, their ability of average power scaling, low cost, compactness and stability [1] - [3] . The main challenge for ultrafast fiber laser is management of nonlinear effects, mainly, self-phase modulation (SPM) effect [4] . Because fiber has relative small mode field area and then more serious nonlinearity. Chirped pulse amplification (CPA) technique [5] is commonly employed to restrain nonlinear effects by reducing the peak power in amplification stages, which needs pulse stretcher and compressor to manipulate dispersion. So far, femtosecond pulses with high average power [6] , [7] , pulse energy [7] , [8] and peak power [8] , [9] have been achieved in fiberbased system based on CPA technique. In those systems, bulk optical gratings with matched dispersion compensation are often used as pulse stretchers and compressors. But, the size and high alignment requirement associated with bulk gratings counteract the superiority of fiber laser in compactness and robustness, making them almost impractical for use in industrial environments [10] . In addition, CPA systems based on bulk optical gratings have to operate in linear amplification regime with nonlinear phase shift below radians, which hampers the power scaling in some degree. From the standpoint of practical applications, an ideal high power ultrafast fiber laser system should include all-fiber-based seed oscillator, stretcher and amplifiers [7] . The best way to connect all sorts of optical components should be fiber splicing to guarantee robust operation. The fiber-based compressor is also recommended to realize a strictly all-fiber scheme, but the usual methods, such as chirped fiber Bragg grating [11] , hollow core fiber [12] and photonic band gap fiber [13] , [14] , have problems with handling high peak power during compression and lacking flexibility of adjustment. Thus, it is a reasonable approach to use fiberbased stretcher to replace bulk-grating-based stretcher and meanwhile use bulk gratings as compressor without sacrificing the flexibility of adjustment. The biggest problem in such systems is pulse distortion and broadening induced by mismatched third order dispersion (TOD). Theories and experiments have demonstrated that the TOD and SPM could compensate each other [10] , [15] , [16] , which make it possible to achieve femtosecond pulses in highly nonlinear amplification regime without complicated adaptive pulse shaping [15] , [17] , [18] .
In this manuscript, a linearly polarized femtosecond all-fiber-integrated nonlinear CPA system is proposed and experimentally demonstrated. All of the optical components before compressor are fiber-based and polarization maintaining (PM). Those connections are realized by implementing standard fiber splicing techniques without beam alignment and couplings, which guarantee compactness and robust operation. In order to reduce the fiber nonlinearity, highly Yb-doped step-index fibers are used in every amplification stage to shorten the fiber length. The compensation of TOD by SPM is investigated and system parameters are optimized to achieve best compression at full power. The established system is capable of delivering 352 fs pulses with average power of 119 W, repetition rate of 80 MHz and peak power of 4.2 MW. Although better fiber CPA performances regarding pulse energy and peak power [8] , [9] have already been demonstrated in those CPA systems based on photonic crystal fibers, our system has advantages in practical use due to its simple and compact design. To our knowledge, this is also the highest average power ever achieved in femtosecond fiber CPA systems with fiberbased stretcher.
Experimental Setups
The experimental arrangement of the PM femtosecond all-fiber CPA system comprises of a fully fiberized amplifier chain and a transmission grating pulse compressor, as clearly shown in Fig. 1 . The fiber part includes a femtosecond fiber oscillator, a fiber-based stretcher, followed by three fiber preamplifiers and finally, a main amplifier. Because longer central wavelengths are advantageous for less serious gain narrowing and larger bandwidths [19] , the operating wavelength of the seed oscillator is chosen to be 1060 nm away from the maximum gain spectral wavelength range at 1030 nm for Yb-doped gain medium. The femtosecond fiber oscillator emits chirped pulses at central wavelength of 1064 nm (3 dB spectral bandwidth of 9.6 nm) with average power of 17.7 mW, repetition rate of 80 MHz and duration of 3.5 ps. The broadband spectrum supports to generate ∼200 fs pulses after compression. A PM isolator (PM-ISO) with band-pass filter is used to protect the femtosecond fiber oscillator and to filter the amplified spontaneous emission (ASE) spectral components out. The average power is 8.6 mW after the PM-ISO. The PM single mode fiber (SMF) with length of 182 m and 450 m serves as the pulse stretchers and the pulses are temporally stretched to 104 ps and 209 ps, respectively. Three stage preamplifiers are employed to achieve sufficient seed power for the main amplifier fiber. In order to reduce the accumulated nonlinear phase shift, the superfluous passive fibers are cut away and highly Yb-doped fibers are used in all the amplifiers. For the first stage preamplifier, one single mode fiber-pigtailed 974 nm laser diode (LD) with maximum pump power of 480 mW are used to core-pump the double cladding PM Yb-doped fiber (core/inner-cladding diameters of 6/125 m and core absorption coefficient of ∼780 dB/m at 976 nm) through a 976/1064 wavelength division multiplexer (WDM). The active fiber with length of 0.4 m is utilized and average power of 35.2 mW is achieved at the pump power of 100 mW. Except the length of active fiber, the second and third stage preamplifiers have the same scheme, in which double cladding PM Yb-doped fiber with core/inner-cladding diameters of 12/125 m and cladding absorption coefficient of 8 dB/m at 976 nm is clad-pumped by one multimode double cladding fiber-pigtailed 976 nm LD with maximum pump power of 9 W through a PM ð2 þ 1Þ Â 1 signal/pump combiner. The active fiber lengths in the second and third preamplifiers are 0.55 m and 1.55 m, respectively. Finally, average power of 212 mW and 3.9 W are achieved after the second and third amplifiers, respectively. In the main amplifier, highly Yb-doped large mode area (LMA) double cladding PM fiber serves as the gain medium, which has a core diameter of 30 m (NA of ∼0.07) and an inner cladding diameter of 250 m (NA of ∼0.46). The peak cladding absorption coefficient is ∼16 dB/m at 976 nm and the active fiber with length of 1.7 m is utilized. The PM ð6 þ 1Þ Â 1 signal/pump combiner is used to couple the signal and pump light into the gain fiber. Two multimode double cladding fiber-pigtailed 97Xnm LDs with total pump power of 250 W are used to clad-pump the main amplifier. One home-designed cladding modes striper (CMS) is employed to strip the residual pump light and high order signal modes. Fiber-pigtailed integrated Faraday isolators with band-pass filters (3 dB pass bandwidth centered at 1064 nm is 20 nm) are inserted among the three preamplifiers to both block the backward light and filter the ASE of the fiber amplifiers, respectively. After amplification, the laser is collimated by a fiber-pigtailed collimator (CO) and directly launched into the pulse compressor. The pulse compressor is designed using high line density transmission gratings based on double-pass configuration to eliminate the space chirp of single-pass structure and keep small grating separation for the consideration of compactness and simplicity. The S-polarization transmission gratings (G1, G2, T-1600-1060s series made by LightSmyth technology) with line density of 1600 line/mm are used to operate in Littrow configuration. Prior to the pulse compressor, one =2 wave-plate is inserted to align the polarization axis.
Experimental Results and Discussions
Firstly, the seed pulses are broadened to 104 ps by using SMF with length of 182 m. An average laser power of 193 W is achieved at the maximum available pump power of 250 W with an optical to optical efficiency of 76%, as shown in Fig. 2(a) . The maximum pulse energy before pulse compression is calculated to be 2.4 J. The polarization extinction ratios (PERs) are measured to be ∼23 dB and no deterioration of polarization properties are observed at all power level [see Fig. 2(a) ]. Fig. 2(a) also shows the beam profile at full power and the corresponding M2 factors are measured to be 1.15 and 1.21 in the x and y direction (M2-200-FW, Spiricon Corporation, 4-sigma method), respectively. The grating compressor is aligned by far-field beam monitoring [20] . As shown in Fig. 2(b) , the diffraction efficiency of single transmission grating is almost linearly decreased with the input average laser power. In our experiment, the angle of incidence is unchangeable for the gratings and no polarization deterioration and obvious thermal effects are observed at present power level. However, the diffraction efficiency will decreased when the input laser wavelengths are away from the optimal operational wavelength of the gratings. Therefore, the reduction of diffraction efficiency may be attributed to the spectral broadening induced by SPM. The laser pulses pass through the transmission gratings four times, so any reduction of diffraction efficiency will make a big difference on compressor efficiency. Finally, the compressor efficiency drops to 61.5% at full power level. The corresponding average laser power and pulse energy are 119 W and 1.49 J, respectively.
The output spectrum characteristics of the main amplifier at different average laser power are clearly illustrated in Fig. 3(a) . It should be noted that the signal-to-noise ratio is about 50 dB, so the spectral components of ASE can be neglected. The spectral sidebands close to signal laser are due to the four-wave mixing (FWM) effect, which induces the power transfer from signal wavelength to the spectral sidebands. The combined effects of FWM and serious SPM result into increased spectrum modulation and fluctuation when increasing the laser power. The 3 dB spectral bandwidth at full power is measured to be 8.5 nm. Fig. 3(b) shows the total nonlinear phase shifts (B-integral) accumulated in the fiber amplifier chain, which are the sum of nonlinear phase shifts (represented by max ) in amplifiers and SMF-stretcher calculated by max ¼ P 0 f½expðgL g Þ À 1=g þ expðgL g ÞL p g. In this formula, is the nonlinear parameter, P 0 is the peak power of input pulses, g is the gain coefficient and L g , L p denote the active and passive fiber lengths of fiber amplifiers, respectively [21] . The total nonlinear phase shifts in the fiber amplifier chain are calculated to be 4:5 radians at full power. The accumulated nonlinear phase shifts can be used to compensate the mismatched TOD [15] . The best compression is achieved when the output laser power is 87 W with total nonlinear phase shift of 2:8 radians, as shown in Fig. 3(c) . The full-width at half-maximum (FWHM) autocorrelation duration is measured to be 482 fs and the corresponding pulse duration is estimated to be 312 fs with a deconvolution factor of 0.648 if sech2 pulse profile is assumed (the pulses is also assumed to be sech2 profiles in the following content without special illustration). When the power is further improved, the superfluous nonlinear phase shifts lead to pulses deterioration and broadening and symmetrical trailing "wings" are observed in the autocorrelation traces [see Fig. 3(d) ]. The corresponding pulse duration is estimated to be 386 fs at maximum output power. The calculated durationbandwidth product is 0.87, which is greater than the transform-limited duration-bandwidth product of 0.32 for sech2 pulse. The estimated peak power of these pulses is ∼3.86 MW. The actual peak power is lower than the estimated peak power due to its portion of the energy that lies in the trailing "wings."
In order to achieve good compression at maximum power, we lengthen the length of SMF to further stretch the seed pulses and reduce the nonlinear phase shift. The pulse duration is stretched to 209 ps by SMF-stretcher with length of 450 m. The peak power in the fiber amplifier chain almost reduces by half and the corresponding nonlinear phase shifts are obviously reduced [see Fig. 3(b) ]. The incremental length of SMF and vertical distance between two gratings will induce a large amount of TOD, which need to be compensated by nonlinear phase shift. The quality of compressed pulses mainly depends on the total nonlinear phase shift. It does not matter where in the system the nonlinear phase shift is accumulated. So it is possible to optimize the total nonlinear phase shift by adjusting the passive fiber length between main amplifier and the third pre-amplifier. The mismatched TOD is compensated by optimizing the total nonlinear phase shift in our system to achieve good compression at full power. We keep the best relative positions of gratings for full power compression unchangeable and investigate the relationship of compressed pulses and nonlinear phase shift. The measured autocorrelation traces at different values of nonlinear phase shift are shown in Fig. 4(a) . The mismatched TOD leads to a large pedestal in the autocorrelation trace at low laser power, but the large pedestal is decreased when increasing the nonlinear phase shift. The optimized value of total nonlinear phase shift is 2:6 radians at the maximum laser power [see Fig. 4(a) ]. As shown in Fig. 4(b) , the 3 dB spectral bandwidth is measured to be 6.9 nm. The strong fluctuated spectrum is also suppressed to some extent due to the relative weak SPM effects. Fig. 4(c) shows the measured autocorrelation trace at the maximum laser power. Although there is still a small pedestal in the autocorrelation trace due to residual TOD, the output pulses are significantly cleaned with an optimal value of pulse duration of 352 fs. The peak power is estimated to be 4.2 MW. The duration-bandwidth product is calculated to be 0.64, about the double transform-limited duration-bandwidth product. The pedestal will be absolutely suppressed by further optimizing the total nonlinear phase shift. Due to the high line density of the transmission gratings, the vertical distance between the two gratings could keep small and the designed pulse compressor has a compact volume. In our experiment, the optimized grating separation is only 16 cm. The results presented here can be extended to higher energies by further broadening the pulse durations, reducing the repetition rate, increasing the pump power and improving compressor efficiency.
Conclusion
In conclusion, we have demonstrated a monolithic PM all-fiber nonlinear CPA system to generate high-average-power ultrashort laser pulses. 193 W of average power has been achieved with high PER of 23 dB and optical to optical efficiency of 76% before compression. The compressed pulses have 119 W of average power, limited by the diffraction efficiency of transmission gratings. By optimizing the total nonlinear phase shift, the mismatched TOD is successfully compensated and compressed pulses with 1.49 J of energy, 352 fs of durations and 4.2 MW of peak power are finally obtained. The established system has compact structure and least free space components, making it an ideal femtosecond laser source for industrial applications.
